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and is releasable to the National Technical Information Service (NTIS).
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FOREWORD

This report contains the abstracts and viewgraphs presented at the

Eighth Annual Mechanics of Composites Review sponsored by the Materials

Laboratory. Each was prepared by its presenter and is published here
unedited. In addition, a listing of both the inhouse and contractual
activities of each participating organization is included.

The Mechanics of Composites Review is designed to present programs

covering activities throughout USAF and NASA. Programs not covered in the
present review are candidates for presentation at future mechanics of
composites reviews. The presentations cover both inhouse and contract
programs tnder the sponsorship of the participating organizations.

Since this is a review of on-going programs, much of the information
in this report has not been published as yet and is subject to change; but
timely dissemination of the rapidly expanding technology of advanced composites
is deemed highly desirable. Works in the area of mechanics of composites have
long been typified by discipliined approaches. It is hoped that such a high
standard of rigor is reflected in the majority, if not all, of the
presentations in this report.

Feedback and open critique of the presentations and the review itself
are most welcome as suggestions and recommendations from all participants
will be considered in the planning of future reviews.

We express our appreciation to the authors for the contribution of their

summaries and to the points of contact within the organizations for their
effort in supplying the program listings. R Y T T
. - by . . *‘#
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", "‘°"r o ' '
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MECHANICS OF DELAMINATION
INDER COMPRESSIVE. LOATS

A. S. D, WANG
DEPARTMENT OF MECHANICAL ENGINEERING
DREXEL UNIVERSITY
PHILADELPHIA, PA 19104

OBJECTIVES:
I, TO STUDY THE DELAMINATION MECHANISMS IN GRAPHITE-
EPOXY LAMINATES SUBJECTED TO COMPRESSIVE STATIC
AD FATIGUE LOATS;
2, TO FORMJLATE ANALYTICAL MODELS FOR THE INITIATION
AND THE GROWTH BEHAVIOR OF DELAMINATION CRACKING
UNDER BOTH STATIC AND FATIGUE (COMPRESSIVE) LOAIS.
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CONCLUSIONS::

L.

WHEN STRUCTURAL BUCKLING IS PREVENTED, A LAMINATE SUBJECTED TO
UNIAXTAL COMPRESSION MAY DEVELOP FREE EDGE DELAMINATION IN THE
SAE MANNER AS OBSERVED IN TENSION;

THE DRIVING FORCE FOR DELAMINATION IS DERIVED FROM THE CONCEN-
TRATION OF FREE EDGE INTERLAMINAR STRESSES;

A MODEL BASED ON FRACTURE MECHANICS (STRAIN ENERGY RELEASE RATE)
IS SHOWN TO PREDICT THE INITIATION OF DELAMINATION UNDER STATIC
(COMPRESSIVE) LOAD;

EXPERIMENTS SUGGEST THAT THE QUANTITY OF STRAIN ENERGY RELEASE
RATE ALSO PLAYS A DOMINANT ROLE IN THE GROWTH OF DELAMINATION
UNDER FATIGUE (COMPRESSIVE) LOAD;

POST-DELAMINATION LAMINATE FAILURE IS GENERALLY ASSOCIATED WITH
LOCAL LAMINA BUCKLING; HENCE, DELAMINATION UNDER COMPRESSION IS
OFTEN CATASTROPHIC;

THE TELAMINATION FRONT IS GENERALLY A 2-DIMENSIONAL CONTOUR IN
THE DELAMINATION PLANE; THE EXPANSION OF THE CONTOUR IS DIREC-
TIONALLY DEPENDENT, A 3-DIMENSIONAL (FINITE ELEMENT) SIMILA-
TION IS REQUIRED TO CALCULATE THE QUANTITY OF THE STRAIN ENERGY
RELEASE RATE.,
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SCOPE OF EXPERIMENT

/

/

LOADING -
I, STATIC; CROSSHEAD DISPLACEMENT RATE 0.012 QWMIN

2, FATIGE; R=0.,1, F=5{Z

LAMINATES - AS-3501-6
L Q%0,/45,/-45)) ¢, (0p/0)/45,/15),
2, (O//0/A/45/-45/15/-45)
(90/0/90/0/-45/45/-45/15)

3. THE ABOVE WITH INTERLAMINAR INPLAWTS:
TYPE A INPLANT
TYPE C INPLANT

118
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TYPE A AND TYPE C INTERLAMINAR INPLANTS

Implanted
o] o~ Iaterlaminar o

Plaw \%

TYPE A e C

THE INPLANTS ARE INTRODUCED BY INBEDDING TEFLON FILM (-50n THICKNESS)
AT THE -45/45 INTERFACE,

TYPEA: 6.3mX 25,4m STRIP FILM
TYPE C : 6.3w DIAETER ROUND FILM
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FREE EDGE INTERLAMINAR STRESS DISTRIBUTIONS

(PSI PER 1070 COMPRESSIVE STRAIN)
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CRITERION FOR INITIATION

-y e 32
6z = (€, 21
6G,) ~ G,

Caclecycll

6, =6y, 10, 11D)¢

1 I Ml
¢! I ¢ g

. (0/%0,/ 165/ 45), 0 xI1® 1B 1.2

|

E (90/0/L65,/15), 1.6 0.63 0.5
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DELAMINATION INITIATION
(STATIC COMPRESSIVE LOADING)

PREDICTED
(0/%0,/15)/45)) 51.4 kS
(90,/0,/~45)/15), 19,0 sl
(0/90/0/90/ 15/ 45—-), 72,4
(90/0/90/0/-45/45--) 69.0

CALCULATION BASED ON 61, 11pyc = 110 INAB/IN

* DELAMINATION OBSERVED ONLY AT LAMINATE FAILURE.
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EFFECT OF INTERLAMINAR INPLANTS

(STATIC CIPRESSIVE LOADING)
(AMINATE. ONSET DFLAM EAILURE
(O/%0y/15)/-45), 9.2 151 3.6
(O/0,/5/-45) A %.0 4L
O/ 30,/15y/ -5 %.4(%) 8.0
(/0 5/ 45— 2.0(*) @2.0
COVNE S A 150 %.5
t VOV AL BSO) 3.0

* FIRST DELAMINATION AT FREE EDGE

** SIMULTANEOUS DELAMINATION/FAILURE

*** FIRST ELAMINATION AROUND CIRCULAR FILM
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EFFECT OF INTERLAMINAR INPLANTS

(COMPRESSIVE FATIGUE LOADING)

Delamination
(%]
100}
g = 275.8 MPa |
40 KSI |
804 |
60 ,
| /
40
/
20 /
/
7
s
» * g -
0 1 2 3 4 5 Log N
laminate

— [02/902’“52/"‘5215
— [0/90/0/90/45/-45/105/-105]s laminate
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EFFECT OF INPLANTS - CONTIMUED

Delamination —_— [02/902/“52/-45213 - A
(2] — —  [0/90/0/90/45/-45/45/-45] - A
100 }
a= 220.6 MPa
32 KSI
80 +
6041
j
40 |
]
20 |
0 ¥ 7 3 I 5 8 Log N
Delaminatio
(2] ‘1} ——  0,/90,/45,/-45,]1_ - C
— —  [0/90/0/90/45/-45/45/-45] - C
100 G = 220.6 MPa 8
32 KSIT
80 S
60
40}
20}
(] I 7

6 Log N




A SUGGESTED DELAMINATION GROWTH MODEL

SINCE G = G(a, o, LAVINATION GEOMETRY), WE MAY PROPOSE A GROWTH RATE
LAW IN THE FORM

D = F(&/6.)

A SIMPLE FORM OF THE ABOVE MAY BE
D = (] (@62

WHERE C; AD G, ARE EMPIRICAL CONSTANTS.

BRENEREEYNRAR AR ERARE AR AR EARRLAESS
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PROJECT

SPONSORED BY:
MONITOR:
CONTRACTOR:

INVESTIGATORS:

A CUMULATIVE DAMAGE MODEL FOR

ADVANCED COMPOSITE MATERIALS

A Presentation at the

Dayton, Ohio -~ October 1982

o\
L)
o\
H
S Eighth Annual Mechanics of Composites Review
<o
Ay
(@)
=T

by
Pei Chi Chou

AFWAL/MATERIALS LABORATORY

Mr. MARVIN K. KNIGHT

DYNA EAST CORP, (DREXEL UNIVERSITY)

Dr. P.C, Chou, Dr. A.S.D. Wang, Dr. H. Miller
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OBJECTIVES

DEVELOPMENT OF A CUMULATIVE DAMAGE MODEL TO PREDICT THE
FATLURE MODES, STRENGTH, AND FATIGUE LIFE OF COMPOSITE
MATERIALS. THE MODEL WILL UTILIZE FRACTURE MECHANICS, RANDOM
VARITABLES, AND FINITE-ELEMENT CODES, AS NEEDED. THE RESULTS
MUST BE VERIFIED BY EXPERIMENTS.

STEPS OF DEVELOPMENT

1. BASIC FRACTURE MECHANICS APPROACH TO EDGE DELAMINATION
AND TRANSVERSE CRACK, (STATIC, ONSET OF FIRST CRACK),

2, MODEL FOR MULTIPLE-TRANSVERSE CRACKS, STATIC.
3. MODEL FOR FATIGUE, TRANSVERSE CRACKS AND DELAMINATION.
4. CUMULATIVE DAMAGE MODEL.

5. EXTENSION TO FINAL LAMINATE FAILURE.
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CONCLUSIONS

A MODEL FOR MULTIPLE TRANSVERSE CRACKING IN THE 90° PLIES WAS
DEVELOPED. IT IS BASED ON THE ASSUMPTION THAT THE LENGTH OF

THE INHERENT MICROCRACKS IN THE MATERIAL IS DISTRIBUTED RANDOMLY.
USING A TWO-PARAMETER WEIBULL DISTRIBUTION AND THE CRITERION FOR
CRACK PROPAGATION BASED FRACTURE MECHANICS, RESULTS FROM THE
MODEL AGREE WITH EXPERIMENTAL DATA.

UNDER FATIGUE LOADING, THE MODEL ASSUMES THAT THE LENGTH OF A
CRACK EXTENDS UNDER EACH CYCLE ACCORDING TO AN EMPIRICAL RULE.
TOGETHER WITH THE RANDOM DISTRIBUTION OF THE INITIAL CRACK

LENGTH, THE MODEL PREDICTS THE CORRECT CRACK DENSITY AS A FUNCTION
OF FATIGUE CYCLES.

A CUMULATIVE DAMAGE MODEL IS ALSO PROPOSED. IT IS BASED ON THE
CONCEPT OF "DAMAGED STATE.” IT IS SIMILAR TO THE MINER’S RULE,
EXCEPT HERE IT IS THE “DAMAGE” (CRACK DENSITY, OR DELAMINATION

AREA) THAT 1S ACCUMULATING.

PLANS FOR EXTENDING THE PRESENT APPROACH TO THE FINAL FAILURE
OF OTHER TYPES OF LAMINATES ARE MADE,
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STATIC CASE

TRANSVERSE CRACKING MODEL

EXPERIMENTAL RESULT

00 = ———
‘;o"‘,o :Z" g
%00, 4
o / =4 o X
66._:" ——
transverse cracks; full width of 999 pites
n = crack density
= number of cracks per unit length

|
: . gPgac”
A 40 . p 0o
E o
=
~ 30+ &
> .
=
L% an
= 20 -
b
(&8 ]
=
o )

10 ¢

0 Ll ] 1 -

50 100 140 T KSI

EXPERIMENTAL LOAD-TRANSVERSE CRACK DENSITY DATA FOR [05/90, ]
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FRACTURE MECHANICS RESULTS

SHEAR LAG ZONE
S

—INITIAL FLAW
o= e j
QP [ 1 7 =
el y > |
o\ ° —_—
g €—90°\ | o °, %) — ¢
o © T o X
00 = 4 =\

3.

4,

FULLY DEVELOPED CRACK

INITIAL FLAW a.

IN THE 90° PLIES THERE ARE INITIAL FLAWS, OR CRACKS OF
LENGTH a..

LOAD FOR a. TO PROPAGATE

FROM FRACTURE MECHANICS PRINCIPLE AND A FINITE ELEMENT
PROGRAM, FOR EACH FLAW LENGTH a., THERE IS A LOAD (STRESS)
THAT WILL CAUSE THE FLAW TO PROPAGATE TO FULL WIDTH OF 90°
PLIES.

SHEAR LAG_ZONE
A “SHEAR LAG” ZONE SURROUNDS A FULLY DEVELOPED CRACK.
OUTSIDE OF THIS ZONE, THE STATE OF STRESS AND STRAIN IS
NOT AFFECTED BY THIS CRACK.

CRACK INDEPENDENCE

OUTSIDE OF THE SHEAR-LAG ZONES OF FULLY DEVELOPED CRACKS
THE CRACK FORMATION IS INDEPENDENT.
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RANDOM VARIABLE APPROACH

1. RANDOM INITIAL FLAW

FOR A GIVEN SPECIMEN, ASSUME THERE IS A RANDOM DISTRIBUTION
OF INITIAL FLAWS OF LENGTH a., OR EQUIVALENT LENGTH a..

2. CRACK DEVELOPMENT ‘J

UNDER A LOAD O; ALL INITIAL CRACKS THAT ARE NOT IN THE SHEAR #
LAG ZONE OF OTHER DEVELOPED CRACKS AND ARE OF A CERTAIN
LENGTH GClOR LARGER, ARE FULLY DEVELOPED.

MATHEMATICAL DEVELOPMENT

1. DISTRIBUTION AND NUMBER OF a.

ASSUME a. HAS A TWO-PARAMETER WEIBULL DISTRIBUTION

dc 84
F(OC) =] - exp -(B—> (1)
F(OC) = PERCENT OF FLAWS THAT HAVE LENGTH ac OR SMALLER

OR SMALLER.,
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2. LOAD VS, FLAW SIZE RELATION T = O (Gc)
FROM FRACTURE MECHANICS AND FINITE-ELEMENT

e, y M
x’ K e
-t 6(0)=G, g
10,000 =
. E, = 72.1 6P
\
9,000 |- | [05790,] ¢
\ E, = 63.6 GPa
\
8,000 - .\\ [0,/905]
v
APPROXIMATED BY —>
7,000 \ PROXIMATE |
\ q
\\
6,000 [~ \
\ (05730,
L r
5;000 102/903]8 \\

4;000 — . \

3)000 -

PR SR NS TN N SRS N N S P
0.1 .3 W5 7 .9 a./b a

TRANSVERSE CRACK INITIATION STRAIN VS. RELATIVE CRACK LENGTH; (0,/90,) ¢

AND (0,/90)..
G=B-C a. FOR 0<gq

(2)
U =8 -c a FOR U>q




3. COMBINING (1) AND (2) GIVE

\
B - \¥
F(O) = exp [—(B > ]FOR g<aq
c

[ a ?
F(O) = constant + exp -(B ’q’) FOR T >q

B¢ /
F(O) = PERCENT OF FULLY DEVELOPED FLAWS UNDER

LOAD O .

4, CRACK DENSITY VS. LOAD

>
]

an(O‘)

SATURATION CRACK DENSITY WHiCH DEPENDS ON
BOTH THE NUMBER OF INITIAL CRACKS AND THE
SHEAR LAG ZONE,

=
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FATIGUE CASE

EXPERIMENTAL RESULTS

CYCLE-DAMAGE RELATION FOR 027903

100 = * T = 38 kst

~- 4 O¢-

30 ks - , .

26 Kksi *

80 [~ & o¢
60 I~

40 —

NO. OF TRANSVERSE CRACKS

20

DAMAGE :

0 3 il Y
100 101 102 103 10" 10° 100
CYCLES

CRACK DENSITY n VS. FATIGUE CYCLE N - CURVES UNDER CONSTANT AMPLITUDE LOAD]

FATIGUE MODEL

1. INITIAL FLAW DISTRIBUTION AND NUMBER DETERMINED FROM STATIC TESTS;
&, 3, n DETERMINED. ,

2, CRACK PROPAGATION DUE TO FATIGUE,

{
Ac ! =\ qf k—-> a"f i-—){ }
1

INITIAL  DURING FATIGUE N N® FULL WIDTH

GROWTH DUE TO FATIGUE OF ONE CRACK.
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da
dN

da
dN

3.

ul

= f(Nl OJ UI G . o) - GENERAL

K % —— A SPECIFIC CASE

= K@, 6,)

A CRACK OF INITIAL LENGTH q., WILL INCREASE IN LENGTH
PER CYCLE OF LOADING.

AFTER INTEGRATION

a = qgN OR m2 -k

DETERMINE a* FROM STATIC ANALYSIS,

a* = THE CRACK LENGTH THAT WILL PROPAGATE TO FULL
WIDTH UNDER LOAD C .

OR
a* = WIDTH OF 90° PLIES

DETERMINE N*

N* = THE FATIGUE CYCLE THAT WILL MAKE a. GROW TO a*,
THUS FULL WIDTH,
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Ty p—

5. DETERMINATION OF F(N*)
= |
<\, § s {00
X A N
A

GROWTH OF CRACKS OF A TEST SPECIMEN

1

* -— * k e *
et = q (N*) OR a. = a (N*)k

c

SINCE a. IS RANDOM, N* IS ALSO RANDOM,

da.
dnN*

f(N*)

f(oc)

F(N) = exp |- 3 (yo)KC&
-

AS IN STATIC CASE, n = NP (N*)
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STRESS, KSI

CUMULATIVE DAMAGE

CONSTANT DAMAGE STATE CONCEPT,
USE OF CONSTANT AMPLITUDE FATIGUE MODEL TO GENERATE CONSTANT
DAMAGE CURVES IN S - N PLANE. '
TRACE SPECTRUM LOADING USING DAMAGE CURVES,
CUMULATIVE DAMAGE TESTS (0,/90,)
120. = -
18, g_ v+vvr 0 CONSTANT AMPLITUDE DAMAGE
. — CUMULATIVE DAMAGE TESTS
B TG DENSTTY () MEASURED
ga. .. 30 '
82. ; '''''' (30)
70, 3
ou. [
@l Onset T T
| STRESS - coes 7
2 £ 80 - 100 50 - 1,000
o E 60 - 100,000 70 - 1,000
E 50 - 100,000
e Bl vl v el gt el
10 10" 0> 3 10 10 10>
CYelts |
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NORMALIZED REDISTRIBUTION
STRESS IN ZERO DEGREE PLIES.

TYPE B
TENSION-TENSION FATIGUE
6000 L€
4
{
] 1 | I | | L1 L ]
2 4 6 8 10

CYCLES (103)
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FATIGUE DAMAGE-STRENGTH RELATIONSHIPS
IN COMPOSITE LAMINATES

K. L. Reifsnider, W. W. Stinchcomb, E. G. Henneke, II,
J. C. Duke, Jr, and R. D. Jamison

Virginia Polytechnic Institute and State University
Blacksburg, Virginig 24061
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Objective: “The objective of this program shall be
to determine the nature of damage events, caused by cyclic
(fatigue) loading, which are directly related to the
fracture of composite laminates and to develop an under-
standing of how such damage events affect the strength of
the lcminotes.\

N
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COMCLUSIONS

The reduction of strength and life during long-term fatigue
loading occurs because of matrix cracking, delamination and
fiber fractures which accumulate during cyclic loading.

The major effect of fatigue damage, relative to residual
strength and 1ife, {s to cause internal local stress redis-
tribution which alters the amount of load carried by the

0 degree ply in that region.

Fiber failure is increased by fatigue loading to levels of
occurrence which may be two orders of magnitude creater than
levels observed during quasi-static loading.

Matrix cracks can cause preferential fiber failures,

Local (internal) delemination can cause very large stress
redistribution in the adjacent plies.

The collective condition defined by all extant damage and
the current (locai) state of stress in the region of subse-
aquent failure defines the residual strength and life of a
fatigue-loaded laminate,

Fatigue loading greatly influences the process of failure
but does not change the basic nature of the final failure
event for the fiber-dominated luminates investigated.

Changes in laminate stiffness can be used to monitor the
development of fatigue damage and can be directly related to
internal stress redistribution,
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TYPICAL STEREQ X-RAY IMAGE PAIR.
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STIFFNESS REDUCTION AND CRACK DEVELOPMENT IN A [0,90,t45]s LAMINATE.
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MICRO-DAMAGE IN A [O,90,j>45]S LAMINATE.
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INFLUENCE OF LONGITUDINAL CRACK ON INTERIQR DELAMINATION FORMATION. {
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TABLE. CALCULATED AND MEASURED LAMINATE STIFFNESS REDUCTION
DUE TO PLY CRACKING AND DELAMINATION.
Specimen  Condition aat £ SEpeL Erorar “Bueas
(GPa) (%) (%) (%)
111-L-1-23 Stage I 0.083 50.5! 1.7 7.1 5.2
[11-L-1-22 Stage II 0.186 45,82 4.2 15.8 14.7
I11-L-1-15 Stage III 0.189 45.5°2 4.8 16.4 16.7
111-L-1-21 Stage Il 0.303 44,22 7.6 18.8 19.7,
NEAR FAILURE
1. Off-axis ply E2 and G,, discounted 50 percent
2. Off-axis ply E2 and 612 discounted 100 percent
EUNDAMAGED * 54.4 GPa
. EFULLY CRACKED = 47.8 GPa
Refarance
values: E50% CRACKED AND DELAMINATED * 40.7 GPa

EFULLY CRACKED AND DELAMINATED =  35.8 GPa

A = Delaminate Area
A = Total Interfacial Area
E = Laminate Stiffness with Partial Delamination

AEOEL s Stiffness Reduction due to Dalamination Only

AETOTAL = Stiffness Reduction due to Cracking and

Qelamination

8E,gyg = Measured Stiffness Reduction
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DISTRIBUTION OF MULTIPLETS IN [0,90,4:45]S LAMINATES.

‘\¥;\\\~




r—

+€920€249

jes sajey) 1oyebiysaaul ._ma_o:_a HIVOW

asney 331 :Josuods DQVN

17

sajisodwo jo aj17 anbije4
uo s}o9}}3 Aouanbai4 pue dnheq

GGGTI0Vd W




. - T .

TE920€2dD

-sdnAe| aAl}ISuss
Buikjnpuapt 1o} anbjuyoasy sishjeue ue dojarnsg e

- Kouanbaij peoj 0}
Axoda/aliydesb ui 81| Jo AjAISUSBS BUIWIBIBQ @

172

saAoalqo

e




X X +VI8VI8Y
X vieceiv9
X voieely
sadeys arem peo] X X visvigy
j X | X vI08/91
X 9L/08/Y
X 8v/sviv
X X X X 0/001/0

X | x | x o5t ¥]

I9A3) 0<H m>m>>, OABM | 506%/oSY F %/00%

s$sallsS auis | desj dnfeq

Arewwng weiboid 1s9]

173




W $'€9.0r£2dD
G20 s
| |
abeb uieng
BIp G¢'0
) _1/ T N
_ | =
_ _
. ,
Gt | _
_ _
_ _
_ _
1 ]
T
- 0. -




9€94012d0

175

—

A




€€504- €240

SdO - ADNIND3H4 dvO

001 0oL ! L0 100
TT T 1 T T T T 1 r—T—T— €04
SleWliN %6°LS

SABM BUIS ‘/90°0=YH .

dnfe S¢[gy ¥ ] 4 -
75 Ol

7
\A/l ]
e 9-L0GE/SY

HT ||||| HIVOW .
4601

8026 - 00€1 |

(NVHO ANV NNS) 3nadnd ]

90l

3dNlivd
ol
S3T10AD
avon

176




1"-l||ll||l|llll|'a..1

T-€50L-€2d9

ZH - ADNJND3H4 avOol
0] L 10

. dn4eT (0/001/0)
Buipeoq | - =4

\w S310AD
| Yol 40

IAVM TvAI0Z3dVHL -~ SANVSNOHL

- ‘34171 3NDILVS
W.lu.. ===="3AVM INIS

177

00}




r—

11-E9L082dD

$saJ)S patjdde ssoub/sand Gy F Ul SS84IS 1eaYS

G0 v0 £0 ¢0 10 0
0
| _ [ |
—2°0
— D G e e e -
///
(anem [epiozadel)) aul| pus.] O, —¥°0 zy 0LN/ZH L ON 2
—_——————— O Aunisuas
i T e Aouanbai4
™ N 90
S
N\
(anem |epiosnuiS) aull pual | // 480
\
\
1 0}




01920240 C_ - uCQEOUN_Qm_ﬁ_

900 GO0 v0°0 €00 ¢0'0 100 0
T I i T I 0

005

179

al
peot

000°}

00G'1

-—

"
/m:osc:coo

000°¢




TR ssauis ss04b paljdde/seid oGy F Ul SSaNlS JRAYS
G0 v'0 £°0 20 10 0
T T T i

(v/8v/8%)
— 8 29s/("ui/ ) - A

1U8191}J809
w (v/08/91) Juoiues
| (91/08/) I P

0]

(8v/8v /1) N
(0/001/0) -

0¢

180




€920 €240

| IS - SSAJIS |BIXR SS0JY

Ge 02 Gl 0l S 0
T T T 0
002
00¥ A | =
09S/"ul/ Ul
2(3/0A=1p/3p
1p/3p
— 009
o
O
— 008
000'L




»

L€9L0€249

G0

ssaJis paidde ssoib/sa1d Gy F Ul SS81)S JRaYS

b0 €0 20 10 0
T _ T T 0
50
oC
L fo X .
o R o8 Oh qy
pajaIpald
ETTRCE
o —g1
oz
o

182




€€9.0€249

AMAILISUBS ylim pale|aliod sasealoul Juswaoe|dsiq
PeO| pauleisns yiim aseasoui sjuswade|dsip ‘Ajjeonels
8}1) @0Npal Speo| paule)sns ‘| — =Y )y

sdnAe| pajeuiwop
18Qlj uey) pajos}je aiow sdnie| psyeuiwop XU\

ZH Ol 1e ueyy ZH |0 1e J8loys SaAlT

SUoISN|ouo0)

183




_AD-A130 750  PROCEEDINGS OF THE ANNUAL MECHANICS OF COMPOSITES
REVIEW {8TH) HELD AT WR..(U) AIR FORCE WRIGHT
AERONAUTICAL LABS WRIGHT-PATTERSON AF8 OH L A WILSON
JNCLASSIFIED APR 83 AFWAL-TR-83-4005 /G 11/4




o

TFIEERE

-—
.
—
r

[4

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS - 1963 ~ A

R
o
»
o

AR
a2
o =

rr




,.ﬂg,‘\\ EFFECT OF STRESS RATIO ON FATIGUE LIFE OF COMPOSITES

BY

G. P. SENDECKYJ
STRUCTURES & DYNAMICS DIVISION
FLIGHT DYNAMICS LABORATORY
AF WRIGHT AERONAUTICAL LABORATORIES

OBJECTIVES:

DEVELOP UNDERSTANDING OF EFFECT OF STRESS RATIO ON FATIGUE
LIFE OF RESIN-MATRIX COMPOSITES .

DEVELOP FATIGUE MODEL THAT PROPERLY ACCOUNTS FOR STRESS
RATIO DEPENDENCE -~ -

O
I
N\
H.A
o |
<
(=W
Q
<

FATIGUE MODEL

DAMAGE METRIC
L LA N D N A
DETERMINISTIC FATIGUE EQUATION
68 = 54{(5r/6:n)‘/s + ‘S’("-l)}s
STATISTICAL INFORMATION
R(5,) = exp [’(Fe/p)“]
FATIGUE LIFE EQUATION

I-i/s

G = G L1+ § (’V°l)-]s
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MODEL S ¥

Wl 5 1
W2 S, C
W3 Sy ca - w®
W3A S, (1-R)° "
Wy So+Dd-R "
WA S, (1 - RO "

WHERE
So, C, D, G ARE CONSTANTS

MODEL PAR’ETER ESTIMATION PROCEDURE

ASSUME MODEL PARAMETERS

CONVERT FATIGUE DATA TO STATIC DATA

FIT WEIBULL DISTRIBUTION TO STATIC DATA

REPEAT STEPS 1 THROUGH 4 UNTIL SHAPE PARAMATER ESTIMATE IS
MAXTMIZED

£ W N

Rer: SenpeckyJy, ASTM STP 734, 1981, pp. 245-260
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LAMINATE
(+45) 55 S2/5208

(+45/09) ¢ S2/5208

(£45/0)¢ S2/5208

EXPERIMENTAL PROGRAM

STRESS RATIOS
0.1, 0.25, 0.4, 0.8

0.1, 0.294, 0.522, 0.791

0.1, 0.289, 0.438, 0.556

(0/+45/90)g $2/5208 0.1, 0.4, 0.7
MODEL W2
R So C . "
0.1 0.06051  0.48%  27.40  19.68
0.25  0.05996  0.1443 3654 19,71
0.4 0.05012  0.2984  38.88  19.72
0.8 0.0437  0.1716 2211  19.29

6, = 6. L6, /6.)"% + c(n-)]*
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1.0

LMAX DISPLACEMENT

INTERPLY MODULUS, million psi

INTERPLY DEGRADATION EFFECTS ON MAXIMUM BENDING DISPLACEMENT
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AXIAL DISPLACEMENT, in.

HOMOGENEQUS

THROUGH A SECTION AT THE QUARTER SPAN

2
1
0

DISTANCE
THROUGH

INTERPLY DEGRADATION EFFECTS ON AXIAL DISPLACEMENT
THICKNESS,
in
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RESEARCH ON COMPOSITE MATERIALS

FOR STRUCTURAL DESIGN

ADP001260

R. A, ScHAPERY

MecHANICS AND MATERIALS CENTER
Texas A8M UNIVERSITY
COLLEGE STATION, TEXAS

SpoNSORED BY THE AIR FORCe OFFICE oF SCIENTIFIC RESEARCH
uNDER CoNTRACT No. F49620-82-C-0057
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OBJECTIVES |

GENERAL:. STuDY DEFORMATION AND FRACTURE BEHAVIOR OF ADVANCED

STRUCTURAL COMPOSITES WITH EMPHASIS ON POLYMER MATRIX

DOMINATED PHENOMENA.

THAT WORK COULD BE DONE AS PART OF A ONE-YEAR M.S,

DEGREE PROGRAM.,

1.5, THESES

STUDENT/
FacuLTy ADVISOR
TITLE

1.

R.N. CoHEN/

W.L. BRADLEY

"EFFecT oF RESIN
TOUGHNESS ON
FRACTURE BEHAVIOR OF

GRAPHITE/EPOXxY COMPOSITES

H. Razi/

R.A. ScHAPERY

“SrLow, STABLE DELAMINA-
TION IN GrRAPHITE/EPOXY
ComposITES”

J.R. VeATHERBY/

R.A. SCHAPERY
"EVALUATION OF ENERGY
ReLease RATES IN UNI-
DIRECTIONAL SPLIT
LAMINATE SPECIMENS”

n

MOST TOPICS WERE SELECTED SO

SpeciFic OBJECTIVES

INVESTIGATE EXPERIMENTALLY
TRANSVERSE AND DELAMINATION
FRACTURE TOUGHNESS OF THREE
GRAPHITE/EPOXY SYSTEMS. DETER-
MINE MICROMECHANISM OF ENERGY
DISSIPATION USING IN-SITU FRAC-
TURE IN SEM AND FRACTOGRAPHY ON
RESULTING FRACTURED SURFACES.

USING UNIDIRECTIONAL SPLIT LAMI-
NATES, DETERMINE RELATION BETWEEN
CRACK SPEED AND ENERGY RELEASE
RATE UNDER FIXED-GRIP CONDITIONS,

DEVELOP IMPROVED BEAM THEORY
WHICH ACCOUNTS FOR ROTATION AT
THE CRACK TIP,
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4, R.T. ARENBURG/
R.A., ScHAPERY
"ANALYSIS OF THE EFFECT
of MATRIX DEGRADATION
oN FATIGUE BEHAVIOR OF
A GrRapPHITE/EPoxy LAMINATE"

PREDICT MECHANICAL STATE AND

ENERGY RELEASE RATE FOR DELAMI-
NATION IN TENSILE COUPONS WITH
VARIOUS AMOUNTS OF DELAMINATION

AND MATRIX DEGRADATION; COMPARE
RESULTS WITH FATIGUE-INDUCED
DEFORMATION AND FRACTURE OF
(+45/902]s GRAPHITE/EPOXY LAMINATES.

Pn,D, THESIS

5. B.D. Harper/
Y. HEITSMAN
“"ON THE EFFECTS OF
Post Cure CooL Down
AND ENVIRONMENTAL
CONDITIONING ON
RESIDUAL STRESSES IN
Compos1TE LAMINATES”

NOTE:

STUDY THE APPLICABILITY OF LINEAR
VISCOELASTICITY IN PREDICTING
CURVATURES OF ANTI-SYMMETRIC
CROSS-PLY GRAPHITE/EPOXY LAMI-
NATES AFTER BEING COOLED FROM
THEIR CURE TEMPERATURE AND DURING
EXPOSURE TO BOTH CONSTANT AND
FLUCTUATING RELATIVE HUMIDITIES.
BOTH ELASTIC AND VISCOELASTIC
ANALYTICAL PREDICTIONS ARE TO

BE COMPARED WITH MEASURED CURVA-
TURES oF AS4/3502 GRAPHITE/EPOXY
LAMINATES, WITH EMPHASIS ON EFFECTS
OF MOISTURE FLUCTUATIONS,

THests Nos. 1-3, coMPLETION EXPECTED BY Dec. 1982

Thesis No. 4, compLETED May 1982

THesis No. 5, COMPLETION EXPECTED IN 1983

CoPIES PROVIDED UPON WRITTEN REQUEST To R.A. SCHAPERY
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(D

(1D

(11D

(1V)

(V)

(VD)

SLow,

CONCLUSIONS
(NumBers CORRESPOND TO THOSE FOR OBJECTIVES)

T SS OF TES (2L PLIES):
THE HIGH TOUGHNESS RESIN SYSTEM HAS A CRITICAL ENERGY
RELEASE RATE WHICH DECREASES WITH INCREASING PROPORTION
oF MoDE [I compoNENT. T6T145/F185 DECREASES FROM A G OF
2400 J/m2 To 1900 J/M2 as GII/(GI+GII) INCREASES FROM
0.0 1o 0.40,
FOR LOWER TOUGHNESS SYSTEMS THE OPPOSITE BEHAVIOR APPEARS
To EXIST. ASH/3502 INCREASES FROM 200 To 475 J/MZ wHILE
T6C190/F155 INCREASES FROM 550 